Methyl substrates are important compounds for methanogenesis in marine sediments but 21 diversity and carbon utilization by methylotrophic methanogenic archaea have not been clarified. 22 Here, we demonstrate that RNA-stable isotope probing (SIP) requires 13 C-labeled bicarbonate as 23 co-substrate for identification of methylotrophic methanogens in sediment samples of the 24 Helgoland mud area, North Sea. Using lipid-SIP, we found that methylotrophic methanogens 25 incorporate 60 to 86% of dissolved inorganic carbon (DIC) into lipids, and thus considerably 26 more than what can be predicted from known metabolic pathways (~40% contribution). In slurry 27 experiments amended with the marine methylotroph Methanococcoides methylutens, up to 12% 28 of methane was produced from CO 2 , indicating that CO 2 -dependent methanogenesis is an 29 alternative methanogenic pathway and suggesting that obligate methylotrophic methanogens 30 grow in fact mixotrophically on methyl compounds and DIC. Thus, the observed high DIC 31 incorporation into lipds is likely linked to CO 2 -dependent methanogenesis, which was triggered 32 when methane production rates were low. Since methylotrophic methanogenesis rates are much 33 lower in marine sediments than under optimal conditions in pure culture, CO 2 conversion to 34 methane is an important but previously overlooked methanogenic process in sediments for 35 methylotrophic methanogens.
Introduction
Scientific, Bremen, Germany) as described previously [35] . Prior to analyses of δ 13 C-DIC, DIC 141 in 1 mL of slurry supernatant was converted to CO 2 by adding 100 µL phosphoric acid (85%, 142 H 3 PO 4 ) overnight at room temperature.
143
Nucleic acids extraction, quantification and DNase treatment 144 The nucleic acids were extracted according to Lueders et al. [36] . Briefly, 2 mL of wet sediment 145 without supernatant was used for cell lysis by bead beating, nucleic acid purification by phenol-146 chloroform-isoamyl alcohol extraction and precipitation with polyethylene glycol. For the RNA 147 8 extract, DNA was removed by using the RQ1 DNase kit (Promega, Madison, Wisconsin, USA). 148 DNA and RNA were quantified fluorimetrically using Quant-iT PicoGreen and Quant-iT 149 RiboGreen (both Invitrogen, Eugene, Oregon, USA), respectively.
150
Isopycnic centrifugation, gradient fractionation and reverse transcription 151 Isopycnic centrifugation and gradient fractionation were performed according to the previously 152 described method with modifications [36] . In brief, 600 to 800 ng RNA from each sample was 153 loaded with 240 µL formamide, 6 mL cesium trifluoroacetate solution (CsTFA, GE Healthcare, 154 Buckinghamshire, UK) and gradient buffer solution. The density of the centrifugation medium 155 was adjusted to ~1.80 g mL -1 based on refractive index. RNA was density separated by 156 centrifugation at 124 000 g at 20 °C for 65 h using an Optima L-90 XP ultracentrifuge (Beckman 157 Coulter, Brea, California, USA). 13 fractions were obtained from each sample, and RNA in each 158 fraction was precipitated with 1 volume of isopropanol. RNA was quantified and reverse 159 transcription was conducted using the high capacity cDNA reverse transcription kit (Applied 160 Biosystems, Foster City, California, USA).
161
Quantitative PCR (qPCR) 162 Archaeal 16S rRNA and mcrA genes were quantified using primer sets 806F/912R and ME2 163 mod/ME3´Fs 1011 (Table S1) 0.2 mg mL -1 bovine serum albumin (Roche, Mannheim, Germany), 1 ng DNA templates or 2 µL 170 of cDNA samples. The qPCR protocol comprised an initial denaturation for 5 min at 95 °C and 171 40 cycles amplification (95 °C for 30 sec, 58 °C for 30 sec and 72 °C for 40 sec). The detection 172 thresholds were 100-1 000 gene copies with an efficiency of 90-110%.
173
Sequencing and bioinformatics analysis 174 For community composition analysis of single labeling incubations (one substrate labeled, the 175 other unlabeled), "heavy" (1.803-1.823 g mL -1 , combination of fraction 3, 4, and 5) and "light"
176
(1.777-1.780 g mL -1 , fraction 11) fractions of RNA-SIP samples were selected according to 177 CsTFA buoyant densities. PCR targeting the V4 region of archaeal 16S rRNA genes was 178 conducted with KAPA HiFi HotStart PCR kit (KAPA Biosystems, Cape Town, South Africa) 179 and barcoded primer sets Arc519F/806R (Table S1 ). Thermocycling was performed as follows: 180 95 °C for 3 min; 35 cycles at 98 °C for 20 sec, 61 °C for 15 sec and 72 °C for 15 sec; 72 °C for 1 181 min. Library construction and sequence read processing were described as previously [34] . sources for methane production expressed as follows:
where 13 F is obtained from the δ notation according to F = R/(1+R) and R = (δ/1000+1) * 202 0.011180 [42] . and were the fractional 13 C abundance of methane and DIC at 203 harvest time, and that of MeOH in the medium at the start. 
Results

216
Methanogenesis and gene copy numbers in 13 C-amended sediment slurry incubations 217 In order to examine carbon labeling into RNA and lipids of methylotrophic methanogens in 218 anoxic marine environments, sediment slurries from two depths amended with or without 13 C-219 methanol (1 mM) and 13 C-DIC (10 mM) were incubated at 10 °C. Samples from SRZ and MZ 220 incubations showed methanogenesis started after 20 and 10 days, respectively ( Figure 1A ).
221
Amended 13 C-DIC was diluted into the sediment endogenous DIC pool to about 70-84%, which 222 was more obvious in samples from MZ than SRZ (Table 1 ). In SRZ sediment incubations with 223 13 C-DIC and unlabeled methanol, up to 10.3% of methane originated from 13 C-DIC (Table 1) .
224
The dynamics of the archaeal communities in all incubations was tracked by qPCR of archaeal 225 16S rRNA genes and mcrA genes after methanogenesis ceased ( Figure 1B ). Archaeal and mcrA 226 gene copy numbers increased strongly by 10-14 and 19-30 times for all incubations, 227 respectively ( Figure 1B ).
228
Carbon assimilation into RNA and identification of metabolically active archaea 229 In preliminary sediment incubations, SIP experiments with 13 C-methanol had shown that RNA 230 could not be labeled to a sufficiently high extent to become detectable in heavy gradient fractions 231 12 (e.g., >1.803 g mL -1 ) after isopycnic separation of RNA. Contrastingly, methane formation was 232 strong and archaeal and mcrA gene copies increased likewise indicating that methylotrophic rRNA gene copies were one order of magnitude higher in the heavier gradient fractions (i.e., 251 1.803-1.823 g mL -1 ) than that in 13 C-methanol incubations ( Figure 2B ). Correspondingly,
252
Illumina sequencing of RNA revealed that sequences identified as related to the genera 253 Methanococcoides and Methanolobus were more dominant in the heavy than in the light 254 13 fractions from incubations amended with unlabeled methanol and 13 C-DIC ( Figure 2C , S3).
255
Light fractions were overall mainly composed of anaerobic methanotrophic (ANME) archaea, 256 Bathyarchaeota and Lokiarchaeota except for methylotrophic methanogens ( Figure 2C ). For 13 C-257 DIC control incubations, abundances of methanogens were low in SIP samples ( Figure S3 ). For Figure S4 ). Sequences of these methanogens 263 accounted for more than 97% of total archaea in heavy gradient fractions. However, known 264 hydrogenotrophic methanogens were undetectable ( Figure 2C ) although 5 and 10% of methane 265 was formed from DIC in incubations with MZ and SRZ sediments, respectively (Table 1) .
266
In parallel to RNA-SIP, lipid-SIP incubations with SRZ sediment slurries demonstrated δ 13 C 267 values of phytane and phytenes being more positive in 13 C-DIC and unlabeled methanol 268 treatment than that in 13 C-methanol amendments, while the opposite was found in MZ sediment 269 incubations ( Figure 3A ). After elimination of 13 C-DIC dilution effects by ambient inorganic 270 carbon, DIC contributions to lipids ranged from 59.3% to 86.1% in SRZ sediment incubations, 271 which was constantly higher than that of MZ sediment incubations (52.7% to 56.4%).
272
To understand how carbon is assimilated into lipids by methylotrophic methanogens, pure 273 culture incubations of M. methylutens were performed with 5% of the 13 C-labeled substrates (i.e.,
274
DIC or MeOH) and the dominating archaeal lipids archaeol (AR) and hydroxyarchaeol (OH-AR) 275 were directly analyzed without cleavage. In contrast to sediment incubations, lipids showed 
278
Methylotrophic methanogenesis from DIC in autoclaved slurry incubations 279 The unexpectedly high proportion of methane formed from DIC in methanol amended sediment 280 slurry incubations (Table 1) prompted us to investigate the underlying mechanism in more detail. Methane concentrations in incubations with hematite and humic acid were higher than that of the 287 other incubations after 7 days ( Figure 4A ). Although methane production rates were low, 288 methane proportions from DIC in treatments with M. methylutens alone, H 2 , AQDS and 289 magnetite were much higher (f DIC/CH4 , ~10%) than that in incubations with hematite and humic 290 acid (~2%) ( Figure 4B ). Linear regression showed a strong correlation between methane 291 production rate and CO 2 -dependent methanogenesis by methylotrophic methanogens on day 3 292 and 5 of the incubations, indicating that lower methanogenesis rates triggered higher levels of 293 methane formation derived from 13 C-DIC ( Figure 4C ).
294
Discussion
295
In this study, we utilized RNA-SIP employing 13 C-DIC and methanol and successfully identified 296 methylotrophic methanogens in both, SRZ and MZ sediments of the Helgoland mud area in the 297 North Sea. We demonstrated that the addition of 13 C-DIC is necessary to detect label in RNA of 298 15 methylotrophic methanogens rather than using 13 C-methanol as energy substrate alone. We 299 further evaluated carbon utilization patterns of the methylotrophic methanogens by lipid-SIP and 300 identified an unexpectedly high DIC assimilation into characteristic lipids within SRZ sediment.
301
Isotope probing experiments unexpectedly revealed that up to 12% of methane was formed from 302 DIC by the presumably "obligate" methylotrophic methanogen, M. methylutens, thereby 303 suggesting an explanation for the elevated DIC incorporation into biomass. This is corroborated by our RNA-SIP experiments using 13 C-labeled methanol alone, but RNA 311 was not found to be labeled effectively enough for density separation and further sequence 312 analysis. However, by additionally using 13 C-DIC, we found high 16S rRNA copy numbers 313 ( Figure 2B ) and a high representation of known methylotrophic methanogens ( Figure 2C) proposed biosynthesis pathway of nucleic acid and labeling strategy of RNA-SIP confirmed 324 inorganic carbon as the main carbon source for nucleic acids.
325
Since carbon assimilation into biomass cannot be quantified by RNA-SIP, lipid-SIP was used. In anaerobic methanotrophs [57, 58] or Bathyarchaeota [59] did not show a 13 C incorporation 332 ( Figure S5 ). This was corroborated by our sequencing results demonstrating that methylotrophic 333 methanogens were the dominant archaea in the heavy fractions and that the relative abundances 334 of other archaea were very low or even below detection ( Figure 2C ).
335
By evaluating 13 C incorporation into methanogen-derived phytane and phytenes, lipid-SIP Figure 6 ). DMAPP is further converted to geranylgeranyl 341 diphosphate (GGPP), which receives 60% of its carbon from methanol, suggestive of a lower 342 DIC contribution to isoprenoid chains than methanol. This was supported by the fact that 343 archaeol and hydroxyarchaeol contained more methanol-derived than DIC-derived carbon using a pure culture of M. methylutens ( Figure 3B ). However, unlike the proposed lipid biosynthesis 345 pathway and the pure culture, clearly more DIC was assimilated into lipids than methanol in both 346 sediment incubations, which was most prominent in the sediment from the SRZ ( Figure 3A) . We, 347 moreover, detected that ~10% of methane produced was derived from DIC during the SIP 348 experiments and using M. methylutens in autoclaved sediment slurry incubations ( especially when methane production rates were low ( Figure 4C ). Apparently, at high rates of 373 methanol dissimilation to CO 2 , the reverse pathway of CO 2 reduction to methane was Figure 4A ).
383
It has been shown that 3% of methane was produced from CO 2 during methylotrophic 384 methanogenesis of Methanosarcina barkeri (i.e., a facultative methylotroph) without the addition 385 of H 2 [20] , which is similar to about 2.5% of methane generated from CO 2 by M. methylutens 386 (i.e., a presumed "obligate" methylotroph) in our study (Table S2 ). However, methane 387 generation from CO 2 increased to 10% in SRZ sediment incubations ( (1.803 g mL -1 to 1.823 g mL -1 ) from RNA-SIP experiments. (C) Relative abundances of density 706 separated archaeal 16S rRNA from single-labeling incubations in light (1.771 g mL -1 to 1.800 g 707 mL -1 ) and heavy (1.803 g mL -1 to 1.835 g mL -1 ) gradient fractions. 
